Introduction
The postnatal subventricular zone (SVZ), also called the subependymal zone (Boulder Committee, 1970) , contains the largest pool of dividing neural precursors in the adult rodent brain. The SVZ consists of a network of interconnected channels comprised mostly of two major cell types (Doetsch et al., 1997; GarciaVerdugo et al., 1998; Temple and Alvarez-Buylla, 1999) , class III ␤-tubulin (TuJ1)-immunopositive neuronal precursors (ϳ80%) closely ensheathed by glial fibrillary acidic protein (GFAP)-immunopositive cells (ϳ20%). Within the channels, neuronal precursors are densely packed and migrate throughout the SVZ and along the rostral migratory stream (RMS) toward the olfactory bulb where they differentiate into interneurons (Lois et al., 1996; Luskin, 1998; Belluzzi et al., 2003; Carleton et al., 2003) . The GFAP ϩ cells of the SVZ are thought to derive from radial glial cells (Tramontin et al., 2003) and display characteristics of stem cells (Doetsch et al., 1997; Garcia-Verdugo et al., 1998) . However, whereas radial glial cells provide a physical substrate for guiding precursor migration, the function of SVZ GFAP ϩ cells (called astrocyte-like cells from now on in this study) on precursor migration remains unknown.
Astrocytes (GFAP ϩ cells elsewhere in the brain) ensheath neuronal processes and remove synaptically released neurotransmitters via high-affinity uptake systems, thereby regulating synaptic activity (Haydon, 2001) . Although SVZ cells do not form synapses (Doetsch et al., 1997; Garcia-Verdugo et al., 1998; Temple and Alvarez-Buylla, 1999) , the neurotransmitter GABA is abundantly available in SVZ precursors (Wang et al., 2003a) , and migrating neuronal precursors express GABA A receptors (GABA A Rs) (Stewart et al., 2002; Nguyen et al., 2003; Wang et al., 2003a) . Furthermore, GABA alters the proliferation of postnatal neuronal precursors (Nguyen et al., 2003) . Ambient GABA may also regulate neuronal precursor migration, as observed for embryonic cells elsewhere in the brain (Barker et al., 1998; Fueshko et al., 1998) . However, the role of astrocyte-like cells of the SVZ on the regulation of GABA levels, GABA A R activation, and cell migration has not been examined. Such information is essential for understanding how GABA signaling influences the behavior of precursors in the postnatal SVZ.
In this study, we monitored the migration of neuronal precursors in acute sagittal slices from mice under conditions that affect GABA A R function or GABA release and uptake. We found that endogenous GABA tonically reduces the speed of neuronal precursor migration via GABA A R activation. Furthermore, enhancement of GABA release from neuronal precursors or inhibition of GABA uptake into astrocyte-like cells further reduces the speed of neuronal precursor migration. These data demonstrate that astrocyte-like cells create a microenvironment in which GABA release and uptake tightly control neuronal precursor migration by influencing the degree of GABA A R activation. Alterations in GABA signaling and astrocyte-like cell properties could thus profoundly affect postnatal neurogenesis.
Materials and Methods
Preparation of acute slices and acute RMS explants. Preparation of 215 m coronal or sagittal slices containing the SVZ and/or RMS from juvenile [postnatal day 14 (P14) to P20] and adult mice (3-4 months of age) was essentially as previously reported for coronal slices (Wang et al., 2003a,b) . Sagittal slices included the olfactory bulb. To obtain acute explants, the RMS was cut out from coronal slices using glass pipettes (internal diameter, 1.1 mm; Sutter Instruments, Novato, CA). After Ͼ1 hr in oxygenated artificial CSF (ACSF), slices were placed in a flowthrough chamber, held in position by nylon mesh glued to a U-shaped platinum wire, and continuously superfused with oxygenated ACSF (for patch-clamp recordings) or serum-free Eagle's Basal Medium with Earle's salts (BME) (for migration studies). The solution was stably heated to 37°C by using a series 20 platform and an SF-28 in-line heater (Warner Instruments, Hamden, CT). Both patch-clamp and migration experiments were performed on an upright Olympus BX50WI microscope (Olympus Optical, Melville, NY) equipped with water-immersion Nomarski phase-contrast and fluorescence optics (60ϫ; numerical aperture, 0.9). The ACSF contained (in mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 25 NaHCO 3 , and 10 glucose, pH 7.4, when equilibrated with 95% O 2 -5% CO 2 . The BME medium was supplemented with 18.6 mM NaHCO 3 , 1% BSA, 5 mg/l insulin, 5 mg/l transferrin, 5 g/l sodium selenite, 20 U/ml penicillin-streptomycin, 2 mM L-glutamine, 27 mM glucose, and 7.9 mM NaCl (Kakita and Goldman, 1999) .
Time-lapse videomicroscopy to study cell migration in acute sagittal slices. Only sagittal slices that contained the SVZ and entire RMS were selected to study cell migration. Images of 80 ϫ 100 m fields of view were acquired at 10 sec intervals for 25 min using LG3 frame grabber (Scion Corporation, Frederick, MD) to generate a time-lapse movie. To examine the effect of drugs on cell migration, six movies were acquired per drug: three under control conditions and three with a drug. Only one drug was tested per slice. The rate of cell migration remained stable over the course of 5 hr control. To evaluate the effect of GABA transporter blockers and KCl on cell migration, the perfusion was stopped and slices were incubated in a custom-made closed chamber containing 1 ml of oxygenated BME solution. Drugs were applied by bath (unless otherwise noted) and directly diluted in oxygenated ACSF. Drugs used at Ͼ1 mM replaced equimolar NaCl. When a low-Ca 2ϩ extracellular solution was used, 1 mM EGTA was added, giving a calculated free [Ca 2ϩ ] of 0.8 mM (instead of 1.8 mM) using the software WinMAXC (version 2.05; C. Patton, Stanford University, Stanford, CA). 1-[2-[tris(4-methoxyphenyl)methoxy]ethyl]-(S)-3-piperidinecarboxylic acid (SNAP5114) and bicuculline were purchased from (Ballwin, MO), and BAPTA-AM and the BME medium were from Molecular Probes (Eugene, OR) and Invitrogen (San Diego, CA), respectively. All of the other drugs and chemicals were obtained from Sigma (St. Louis, MO).
Electrophysiology. Whole-cell patch-clamp recordings were obtained as previously described (Edwards et al., 1989; Wang et al., 2003a,b) . Patch pipettes were pulled from thin-walled borosilicate glass (World Precision Instruments, Sarasota, FL) on a PP-83 puller (Narishige, Tokyo, Japan). Pipettes had resistances of 6 -8 M⍀ when filled with an intracellular solution containing the following: 110 mM KCl or 15 mM KCl and 95 mM K-gluconate when noted, 1.0 mM CaCl 2 , 10 mM EGTA, 10 mM HEPES, 0.1% lucifer yellow (dilithium salt), and an ATP-regenerating solution that included 4 mM K 2 ATP, 20 mM K 2 -phosphocreatine, 50 U/ml creatine phosphokinase, and 6 mM MgCl 2 (Forscher and Oxford, 1985; MacDonald et al., 1989) . The pH and the osmolarity were adjusted to 7.2 (with Tris-base) and 290 mOsm, respectively. The liquid junction potential was not corrected. Whole-cell recordings were performed using an Axopatch 200B amplifier, and current signals were low-pass filtered at 2-5 kHz and digitized on-line at 5-20 kHz using a Digidata 1320 digitizing board (Axon Instruments, Foster City, CA) interfaced with a Dell (Round Rock, TX) computer. Settings were determined by compensating the transients of a small (Ϫ5 mV) 10 msec voltage step. Capacitive and leak currents were not subtracted.
Immunohistochemistry. Immunostaining was performed as described recently (Wang et al., 2003a) . Acutely prepared slices or slices used for patch-clamp recording were fixed for 3 hr in 4% paraformaldehyde in PBS containing 4% sucrose (PBSS). Slices were washed in PBSS, permeabilized for 20 min with 0.1% Triton X-100 in PBSS, and blocked overnight at 4°C in PBSS containing 1% bovine serum albumin (Sigma), 10% goat or donkey serum, and 0.1% Triton X-100. The next day, slices were incubated overnight at 4°C with primary antibody against GAT4 or GAT1 (rabbit; 1:100; Chemicon, Temecula, CA), GABA (rabbit; 1:500; Sigma), neuronal TuJ1 (monoclonal; 1:500; Covance Research Products, Grand Rapids, MI), polysialic acid-neural cell adhesion molecule (PSA-NCAM) (mouse; 1:500; Chemicon), and/or glutamate-aspartate transporter (GLAST) (rabbit; 1:100; Chemicon) in PBSS with 1% BSA and 0.1% Triton X-100. The next day, slices were washed and then incubated for 90 min with the appropriate Alexa Fluor secondary antibody (1:800; Molecular Probes) at room temperature. Finally, after three washes in PBSS, slices were mounted on glass coverslips with 4Ј,6Ј-diamidino-2-phenylindole (DAPI)-containing mounting medium (Vectashield-DAPI; Vector Laboratories, Burlingame, CA) and viewed on an epifluorescence microscope (BX51; Olympus Optical). Appropriate control experiments such as the absence of the primary antibodies were performed (data not shown).
Measurements of GABA levels using mass spectrometry. Four acute explants from one hemisphere were used as control while those from the opposite hemisphere were treated with various drugs. For each drug, experiments were performed in triplicate. The explants were placed in 20 l of 95% O 2 -5% CO 2 -saturated BME and placed in a 95% O 2 -5% CO 2 -saturated humidified chamber at 37°C for 1 hr before collecting and freezing (Ϫ20°C) the supernatant. GABA concentration was measured by liquid chromatography-tandem mass spectrometry after butylation. Briefly, 10 l of sample was mixed with 20 l of d 6 -GABA (0.5 M; Cambridge Isotope Laboratories, Andover, MA) in acetonitrile with 0.5% trifluoroacetic acid. After centrifugation to remove precipitated proteins, 25 l of supernatant was transferred to a microplate and evaporated using warm air. Butanolic HCl (50 l; Regis Technologies, Morton Grove, IL) was added, and the plate was sealed and heated to 60°C for 20 min. The butanolic HCl was evaporated, and the residue was dissolved in 50 l of 80% methanol in water. Butylated GABA was quantified using an Applied Biosystems API2000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA) using the TurboIonSpray ionization probe. The butylated GABA (1 l) was injected onto a Supelcosil LC-CN column (3.3 ϫ 46 mm; 3 m; Supelco, Bellefonte, PA) and eluted with a 0.5 min gradient of 25-95% solvent B (acetonitrile-0.2% formic acid) with solvent A, 0.1 mM pentadecafluorooctanoic acid in water. The effluent was split 1:5 before entering the mass spectrometer, which was operated in positive ion mode. Data were acquired at unit resolution (width at half-height, 0.7 atomic mass units), monitoring for the 104 -87 and 110 -93 mass/charge ratio (m/z) transitions for butylated GABA and d 6 -GABA, respectively. Nitrogen was used as collision gas at an instrument setting of 6. All of the mass spectrometer parameters including the orifice and collision voltages were automatically optimized by the Quantitative Optimization feature of the Analyst software using a continuous infusion of 100 nM butylated GABA. Butylated GABA concentrations were calculated using Analyst software by comparison with a standard curve of identically prepared standards containing 0.10 -15 M GABA in PBS. The limit of quantitation of the assay is 20 nM with coefficient of variation of 5%.
Data analysis. The speed of migration of five cells, which remained in the plane of focus for the entire duration of the movie, was determined per movie. Analysis was performed blindly. The x and y coordinates of the cell center were measured every 80 sec (corresponding to every eighth frame of 150 frames that constituted each movie). The distance migrated between frames was calculated using the Pythagorean theorem and added to yield the total distance migrated during 25 min. The effects of drugs on the migration rate were calculated by comparing the mean speed of 45 cells under control conditions with that of 45 cells in the same drug-treated slices. Analysis was performed blindly. For electrophysiology, data acquisition, storage, and analysis were performed using pClamp 8.0.2 (Axon Instruments). Data are given as mean Ϯ SEM, n being the number of cells. Levels of significance were determined by Student's t test on the raw data such as the speed of migration.
Results
Neuronal precursors are the predominant cell type in the anterior SVZ and RMS We examined whether cells migrating in the proximal RMS and anterior SVZ ( Fig.  1 A, diagram) from P14 -P20 mice were neuronal precursors and not glial precursors (Kakita and Goldman, 1999) . Immunostaining for TuJ1 illustrates that the majority of the precursors in the RMS and anterior SVZ are TuJ1 positive ( Fig. 1 A) and PSA-NCAM positive (supplemental material, available at www.jneurosci.org). PSA-NCAM is another marker of migrating neuronal precursors in the SVZ and RMS (Lois et al., 1996) . We randomly recorded cells in acute slices, filled them with Lucifer yellow during recording, and stained them for TuJ1, a marker of neuronal precursors (Doetsch et al., 1997; Luskin, 1998) , to determine the biophysical properties and current profile of TuJ1 ϩ cells. TuJ1 ϩ cells displayed uniform biophysical properties characterized by a depolarized resting potential (V R of Ϫ28.4 Ϯ 2.1 mV measured as the zerocurrent potential; n ϭ 40), a high input resistance (R M of 3.0 Ϯ 0.7 G⍀), and an outwardly rectifying current profile (n ϭ 6) ( Fig. 1 B, C) , as previously observed for putative neuronal precursors of the SVZ-RMS in acute slices (Wang et al., 2003a,b) . Furthermore, 96% (71 of 74 cells; n ϭ 3 slices) of the recorded cells in the anterior SVZ displayed similar properties and current profile to those of TuJ1 ϩ cells. To determine whether migrating cells were neuronal precursors, we recorded migrating cells at 37°C and compared their biophysical properties and current profile with those of TuJ1 ϩ precursors. Migrating cells displayed biophysical properties (V R of Ϫ28.8 Ϯ 0.4 mV and R M of 3.4 Ϯ 0.3 G⍀; n ϭ 3) and an outwardly rectifying current profile identical with those of TuJ1 ϩ neuronal precursors (data not shown).
SVZ precursors move randomly in the SVZ but in chains in the RMS
We used acute sagittal brain slices to study the migration of neuronal precursors in the anterior SVZ and the RMS of juvenile (postnatal day 14 -20) and adult mice (3-4 months of age). The average rate of cell migration was similar in juvenile (51 Ϯ 1 m/hr; n ϭ 270 cells; 18 slices; mean Ϯ SEM) and adult mouse SVZ (47 Ϯ 2 m/hr; n ϭ 90 cells; six slices). The rate of cell migration was determined by measuring the distance traveled every 80 sec during 25 min using time-lapse videomicroscopy (see Materials and Methods). Migrating cells extended a leading process toward the direction of migration, as previously reported for SVZ and cerebellar neuronal precursors (Komuro and Rakic, 1996; Wichterle et al., 1997; Murase and Horwitz, 2002; Suzuki and Goldman, 2003) (Fig. 2 A) (supplemental material, available at www. jneurosci.org). Although SVZ neuronal precursors are destined for the olfactory bulb and follow chain migration (Luskin, 1993; Lois and Alvarez-Buylla, 1994; Lois et al., 1996) , they displayed various directions of migration in the SVZ and proximal RMS of juvenile mice as shown in Figure 2 B. Only 34% of the precursors migrated toward the olfactory bulb (rostral direction). Furthermore, although the majority (61%) of the SVZ neuronal precursors migrated in the direction of the "chains" (rostral and caudal directions), 20% changed chains (lateral and medial directions) and 19% displayed a circular migration (n ϭ 45 cells; three slices) (Fig. 2C ). These characteristics were routinely observed deep inside the slice (four to five layers deep), where the environment is well preserved, as well as at the surface of the slice. Chain-like architecture was visible in the RMS of the olfactory bulb where 80% of the precursors migrated toward the olfactory bulb (compared with 34% in the SVZ; data not shown). Because we found no correlation between the speed and the direction of migration (Fig. 2 D) and because GABAergic drugs such as GABA and bicuculline affected the migration speed independently of the direction of migration, data regarding the speed of cell migration under different experimental conditions were pooled independent of the direction of migration.
Ambient GABA tonically reduces the speed of neuronal precursor migration by activating GABA A Rs We previously reported that putative neuronal precursors of the SVZ-RMS express GABA A Rs in acute slices (Wang et al., 2003a) . However, it remains unknown whether endogenous GABA exerts a tonic influence on the speed of neuronal precursor migration. All of the following experiments, unless otherwise noted, were performed in P14 -P20 mice. Application of 10 M GABA significantly reduced the speed of neuronal precursor migration by 23% in acute slices from postnatal day 14 -20 mice [from 57 Ϯ 3 to 44 Ϯ 3 m/hr; n ϭ 90 cells (45 cells per control and 45 cells with GABA) from three slices; p Ͻ 0.001] (Fig. 3A) . For all of the migration experiments, the migration speeds of 90 cells (45 cells per control and 45 cells with a drug) from three slices were routinely measured per condition. We applied GABA at 10 M, because this concentration is lower than the EC 50 value for GABA A Rs in cultured neuronal precursors (Stewart et al., 2002) , and applications of 10 M GABA did not completely desensitize GABA A Rs in neuronal precursors (Fig. 3B ). For these experiments, GABA was pressure applied for 16.5 min onto neuronal precursors recorded in voltage clamp at a holding potential of Ϫ70 mV in acute SVZ slices. GABA can activate both ionotropic GABA A and GABA C Rs, as well as G-protein-coupled GABA B Rs (Chebib and Johnston, 1999) . The effect of GABA was mediated by the activation of GABA A Rs, because applications of 10 M GABA in the presence of the GABA A R antagonist bicuculline (100 M; the control is in the presence of bicuculline) or applications of the GABA B R agonist baclofen (10 M) did not affect the speed of cell migration ( p Ͼ 0.1 in each case; n ϭ 45 cells from three slices per condition) (Fig. 3A) . Furthermore, application of bicuculline (50 -100 M) increased the speed of cell migration by 35% (from 45 Ϯ 3 to 61 Ϯ 3 m/hr; p Ͻ 0.001) (Fig. 3A) , suggesting that there is sufficient ambient GABA surrounding SVZ precursors to tonically activate GABA A Rs and reduce the speed of neuronal precursor migration. The action of bicuculline (50 M) on cell migration was reversible, as displayed in Figure 3C . Consistent with a tonic activation of GABA A Rs, the allosteric enhancer of GABA A R-mediated responses in neuronal precursors, pentobarbital (50 M) (Wang et al., 2003a) , significantly decreased the speed of cell migration by 36% (from 49 Ϯ 2 to 38 Ϯ 2 m/hr; p Ͻ 0.001) (Fig. 3A) . Application of a desensitizing concentration of GABA (100 M) had an opposite effect to that of 10 M GABA, resulting in a 39% increase in the speed of cell migration (from 42 Ϯ 2 to 59 Ϯ 3 m/hr; p Ͻ 0.001) (Fig. 3A) . During voltage-clamp recordings of neuronal precursors, pressure application of 100 M GABA induced a complete desensitization of GABA A Rs, because GABA-induced currents returned to baseline when GABA was still present (Fig. 3B) . These data suggest that GABA A R desensitization with 100 M GABA relieved the tonic decrease exerted by ambient GABA on the speed of cell migration, resulting in an enhancement of the migration speed. As observed in juvenile mice, 10 M GABA and 100 M bicuculline applied in slices from adult mice significantly reduced and increased the speed of migration by 35% (from 50 Ϯ 3 to 33 Ϯ 2 m/hr) and 19% (from 44 Ϯ 2 to 53 Ϯ 3 m/hr; p Ͻ 0.001 in each case) (Fig. 3D) , respectively. Interestingly, the effects of GABA on the migration speed was significantly different in young and adult animals ( p Ͻ 0.01). However, the effect of bicuculline on the migration speed was not significantly different between young and old animals, although bicuculline tended to increase the migration speed more in juvenile animals (35%) than in old animals (19%). Although these data suggest that the influence of endogenous GABA on cell migration may change during postnatal development, a large number of additional experiments performed at different ages would be required to conclude on such a developmental change.
Depolarization-induced GABA release reduces the speed of neuronal precursor migration via GABA A R activation
Tonic GABA A R activation in neuronal precursors and positive GABA immunostaining in RMS and SVZ cells (Wang et al., 2003a) suggest that RMS and SVZ cells Ϫ . E, GABA immunostaining (green) within the SVZ and RMS in a sagittal slice. The rectangle indicates the location of the photograph displayed in F. Scale bar, 100 m. F, GABA (green) and TuJ1 (red) immunostainings in a sagittal slice. Immunostaining was performed in a different slice than that used for the staining shown in E. Scale bar, 10 m. Experiments were performed in acute slices and RMS explants from P14 -P20 mice. ***p Ͻ 0.001.
release GABA. We thus tested in acute slices from P14 -P20 mice whether depolarization of precursors with high K ϩ enhanced GABA release and affected the speed of cell migration. Pressure or bath application of 25 mM K ϩ depolarized neuronal precursors by 15-20 mV (n ϭ 3) (Fig. 4A) . Neuronal precursors were recorded at a membrane potential of Ϫ55 to Ϫ60 mV, which is the estimated actual resting potential of these cells (Wang et al., 2003a,b) . KCl at 25 mM induced a ϳ2.5-fold increase in GABA concentration, measured in the supernatant of proximal RMS explants using mass spectrometry (from ϳ2 M in control to 5 M with high K ϩ ; n ϭ 3) (Fig. 4B) . These data suggest that GABA is tonically released from precursors in RMS explants, and that extracellular GABA levels can be increased by high K ϩ application. Consistent with this result, application of 25 mM KCl significantly reduced the speed of cell migration by 38% (from 47 Ϯ 2 to 36 Ϯ 2 m/hr; p Ͻ 0.001) (Fig. 4C ). Furthermore, when tested in the presence of the GABA A R blocker bicuculline (100 M), high K ϩ did not alter the speed of neuronal precursor migration (from 54 Ϯ 3 to 50 Ϯ 3 m/hr; p Ͼ 0.1) (Fig. 4C) , suggesting that an increase in extracellular GABA levels, but not cell depolarization per se, affected the speed of cell migration. Cell depolarization by GABA has been proposed previously as an intrinsic mechanism to regulate the speed of cell migration (Barker et al., 1998) , and 25 mM K ϩ in the presence of bicuculline still depolarized SVZ neuronal precursors by 10 -15 mV (n ϭ 3), which is similar to the depolarization induced by 10 M GABA when cells were recorded with an intracellular solution containing a near-physiological Cl Ϫ concentration (29 mM; n ϭ 3) (Wang et al., 2003a) (Fig. 4D) . Finally, to determine whether neuronal precursors are a source of GABA, coimmunostaining for GABA and TuJ1 was performed on sagittal slices. GABA was present in the cytoplasm of most cells in the SVZ and RMS (Fig. 4E) and essentially in all of the TuJ1 ϩ cells in the SVZ (Fig. 4F ) and RMS (data not shown). Collectively, these data suggest that high K ϩ reduces the speed of neuronal precursor migration by enhancing GABA release from neuronal precursors and autocrineparacrine GABA A R activation.
Inhibition of GABA uptake into astrocyte-like cells reduces the speed of neuronal precursor migration via GABA A R activation
Because astrocyte-like cells ensheath chains of GABA-containing neuronal precursors, we examined whether astrocyte-like cells express GABA uptake systems. Among the four subtypes of highaffinity GABA transporters expressed in the mouse brain, GAT1
and GAT4 (rat GAT-1 and GAT-3, respectively) are highly expressed in neurons and astrocytes, respectively (Borden, 1996) . GAT1 immunostaining was not detected in the SVZ or RMS (data not shown). However, GAT4 immunostaining was observed in SVZ cells encapsulating chains of precursors in sagittal slices (Fig. 5A) . To determine which SVZ cells express GAT4, we performed coimmunostaining for GAT4 and the neuronal precursor marker TuJ1 or the glutamate transporter GLAST, which is expressed in radial glia (Shibata et al., 1997) and astrocytes (Rothstein et al., 1994; Lehre et al., 1995) . GAT4 (green) and TuJ1 (red) immunostainings were mutually exclusive (Fig. 5B) . GAT4 (green) was exclusively expressed in GLAST ϩ cells (red) that surrounded clusters of DAPI ϩ precursors (Fig. 5C ), indicating that GAT4 is expressed in astrocyte-like cells but not in neuronal precursors. We also found that every cell expressing GLAST expresses GAT4 in both juvenile and adult SVZ or RMS (Fig. 5C ) (supplemental material, available at www.jneurosci.org). We then examined the effect of nipecotic acid (100 M), the transportable competitive blocker of GAT1, GAT3, and GAT4, on the speed of neuronal precursor migration. Application of nipecotic acid significantly decreased the speed of cell migration by 34% (from 53 Ϯ 3 to 38 Ϯ 2 m/hr; p Ͻ 0.001) (Fig. 5C) . Consistent with the immunostaining data, the nontransportable antagonist of GAT1, NO711 (10 M), did not significantly affect the speed of cell migration ( p Ͼ 0.05) (Fig. 5C ), whereas the nontransportable antagonist of GAT3 and -4, SNAP5114 (50 M), significantly reduced the speed of cell migration by 24% (from 54 Ϯ 3 to 43 Ϯ 3 m/hr; p Ͻ 0.01). Furthermore, the effect of SNAP5114 on cell migration was prevented when the GABA A R blocker bicuculline (100 M) was included in the bath solution (Fig. 5C , the control is with bicuculline). Consistent with these migration data, nipecotic acid and SNAP5114 induced a 60 and 30% increase of GABA levels in the supernatant of acute explants, respectively (from 1.8 to 2.9 M with nipecotic acid and 2.4 M with SNAP5114) (Fig. 5C ). These data suggest that GABA uptake into astrocyte-like cells enhances the speed of neuronal precursor migration by clearing GABA released into the extracellular space and limiting GABA A R activation in neuronal precursors.
Ambient GABA reduces the speed of neuronal precursor migration by interfering with intracellular Ca 2؉ signaling Because intracellular Ca 2ϩ signaling is involved in regulating cell migration (Komuro and Rakic, 1998) , we examined in slices from juvenile mice whether GABA reduced the speed of neuronal precursor migration by interfering with intracellular Ca 2ϩ signaling. Bath application of 1 mM EGTA to decrease extracellular [Ca 2ϩ ] or incubation of slices with 10 M BAPTA-AM to clamp intracellular [Ca 2ϩ ] to low levels significantly reduced the speed of cell migration by 45% (from 43 Ϯ 2 to 24 Ϯ 2 m/hr) and 55% (70.0 Ϯ 3.3 to 31.6 Ϯ 2.5 m/hr; the control was in pluronic acid), respectively ( p Ͻ 0.001) (Fig. 6 A) . Blockade of Ca 2ϩ release from inositol 1,4,5-trisphosphate (IP 3 )-sensitive Ca 2ϩ stores with 2-aminoethoxydiphenyl borate (2-APB) (100 M) significantly reduced the speed of neuronal precursor migration by 25% (from 50 Ϯ 4 to 38 Ϯ 3 m/hr; p Ͻ 0.01) (Fig. 6 A) , suggesting that Ca 2ϩ release from IP 3 -sensitive Ca 2ϩ stores is involved in regulating the speed of neuronal precursor migration. Consistent with the lack of effect of cell depolarization per se on the speed of migration, inhibition of voltage-gated Ca 2ϩ channels with 30 -100 M Ni 2ϩ and 100 M Cd 2ϩ (Hille, 1992) did not block the effect of GABA on cell migration (Fig. 6 B, the control is in the presence of Ni 2ϩ and Cd 2ϩ ). In the presence of 2-APB, GABA or bicuculline had no effect on the speed of neuronal precursor migration (Fig. 6 B, the controls are in the presence of 2-APB), suggesting that GABA and GABA A R activation reduce the speed of cell migration by interfering with Ca 2ϩ release from intracellular Ca 2ϩ stores.
Discussion
We show here that ambient GABA reduces the speed of cell migration independently of cell depolarization by interfering with Ca 2ϩ release from intracellular Ca 2ϩ stores. Furthermore, we found that astrocyte-like cells strongly influence the migration of postnatal SVZ and RMS neuronal precursors by tightly regulating ambient GABA levels and thus the degree of GABA A R occupancy in neuronal precursors.
Characteristics of neuronal precursor migration in the anterior SVZ and RMS
This study shows that migrating cells in the SVZ-RMS are predominantly neuronal and not glial precursors based on their biophysical properties, current profile, and positive immunostaining for TuJ1 and PSA-NCAM. It was also recently reported that TuJ1-positive cells in the SVZ and RMS stain positive for doublecortin, an additional neuronal precursor marker (Yang et al., 2004) . The exclusive presence of neuronal precursors in the anterior SVZ and RMS is consistent with the time course of gliogenesis that ceases at ϳ14 -15 d of age in rats (Levison and Goldman, 1993) . This is the first report that unambiguously identifies the biophysical properties and current profile of TuJ1 ϩ precursors in acute slices. The averaged speed of neuronal precursor migration (ϳ50 m/hr) is slower than that in SVZ explants (100 m/hr) (Wichterle et al., 1997) but faster than that reported in vivo (25 m/ hr) (Lois and Alvarez-Buylla, 1994) . Cells migrating in slices encounter more physical constraints than cells leaving explants, but in slices, the level of signaling molecules, such as GABA, that reduce the migration speed is likely lower than that in vivo. Although the speed of cell migration was similar in the SVZ and RMS, fewer neuronal precursors followed chain migration in the SVZ (34%) than in the RMS of the olfactory bulb (80%). A larger number of intersecting and dead-end chains in the SVZ (Doetsch and Alvarez-Buylla, 1996) may explain a more disorganized direction of traffic in the SVZ compared with that in the RMS. Alternatively, newly generated precursors in the SVZ may be searching for directional cues before entering the RMS, suggesting that SVZ neuronal precursors could be redirected by adding exogenous cues, such as tenascin-R (Saghatelyan et al., 2004) .
GABA release from neuronal precursors and uptake into astrocyte-like cells regulates the speed of neuronal precursor migration via GABA A R activation GABA application reduced the speed of cell migration via GABA A R but not GABA B R activation, because bicuculline could block the effect but a GABA B R agonist did not alter cell migration. GABA A R activation is thought to affect the speed of embryonic neuron migration via its depolarizing action (Barker et al., 1998; Fueshko et al., 1998) . We showed previously that GABA A R activation depolarizes SVZ neuronal precursors (Wang et al., 2003a) , and we also found that application of high K ϩ reduces the speed of neuronal precursor migration. However, depolarization of SVZ neuronal precursors with high K ϩ in the presence of bicuculline did not alter the speed of cell migration, suggesting that GABA alters cell migration through a novel mechanism independent of cell depolarization. Our study also shows that ambient GABA tonically decreases the speed of cell migration via GABA A R activation, because bicuculline increased whereas pentobarbital decreased the speed of migration. Tonic GABA A R activation and GABA accumulation in the supernatant of RMS explants strongly suggest that GABA is tonically released from SVZ precursors. Furthermore, depolarizing SVZ precursors with high K ϩ significantly enhanced GABA release and decreased the speed of cell migration via GABA A R activation. Among SVZ cells, the neuronal precursors are the likely source of GABA, because most of the SVZ cells and all of the RMS cells that contain GABA stain positive for TuJ1. These data collectively indicate that GABA is tonically released from neuronal precursors and limits the speed of neuronal precursor migration via GABA A R activation. To prevent GABA accumulation and GABA A R desensitization, GABA needs to be removed from the extracellular space. We indeed found that astrocyte-like cells, which were identified by positive GLAST immunostaining, express GABA transporters GAT4 on processes ensheathing GAT4-negative neuronal precursors. GAT4 is found in astrocytes in other brain regions (Borden, 1996) , suggesting that SVZ astrocyte-like cells and astrocytes share similar functions. Although GAT1 is highly expressed in brain cells (Borden, 1996) , it was not present in SVZ cells at the age studied. Inhibition of GABA transporters with a GAT4 blocker (SNAP5114) significantly decreased the speed of cell migration and increased GABA levels in the supernatant from RMS explants. These data suggest that astrocyte-like cells provide a microenvironment around migrating neuronal precursors in which ambient GABA levels, GABA A R activation, and the speed of precursor migration are tightly regulated by GABA uptake into astrocyte-like cells (Fig. 7) .
GABA A R activation reduces the speed of neuronal precursor migration by interfering with intracellular Ca 2؉ signaling As expected, altering intracellular Ca 2ϩ signaling with BAPTA-AM decreased the speed of neuronal precursor migration. Similarly, decreasing extracellular Ca 2ϩ with EGTA reduced the migration rate, presumably by altering intracellular Ca 2ϩ signaling. Consistent with the lack of effect of cell depolarization (with high K ϩ ) on cell migration, blockade of voltagegated Ca 2ϩ channels did not alter the speed of cell migration. Application of 2-APB, which blocks Ca 2ϩ release from IP 3 -sensitive intracellular Ca 2ϩ stores, reduced the speed of cell migration and prevented the effect of GABA and bicuculline on the migration rate. Although 2-APB also blocks store-operated Ca 2ϩ channels (Peppiatt et al., 2003) , a regulation of cell migration by store-operated Ca 2ϩ entry during GABA application is unlikely, because cell depolarization, which inhibits store-operated Ca 2ϩ entry in other cell types (Wang and van Breemen, 1999; Wang et al., 2000; Kajiya et al., 2003) , did not alter the migration rate. These data suggest that GABA via GABA A R activation reduces the speed of neuronal precursor migration by interfering with Ca 2ϩ release from intracellular Ca 2ϩ stores through an unknown pathway.
Function of GABA signaling on neuronal precursor migration in the SVZ and RMS As schematized in Figure 7 , GABA released from neuronal precursors activates GABA A Rs in an autocrine-paracrine manner and influences the migration rate and also proliferation (Nguyen et al., 2003) of neuronal precursors. Because GABA release is enhanced by cell depolarization and GABA depolarizes neuronal Diagram illustrating the influence of GABA release from neuronal precursors and GABA uptake into astrocyte-like cells on neuronal precursor migration in the SVZ. GABA released from neuronal precursors activates GABA A Rs on surrounding neuronal precursors and reduces the speed of neuronal precursor migration by interacting with Ca 2ϩ release from intracellular Ca 2ϩ stores. Released GABA is taken up by surrounding astrocyte-like cells that ensheath neuronal precursors and create a microenvironment in which the levels of GABA and the degree of GABA A R activation are tightly controlled.
precursors (Wang et al., 2003a) , increases in ambient GABA levels are expected to promote GABA release. However, accumulation of ambient GABA is prevented by uptake into astrocyte-like cells, which ensheath chains of migrating precursors (Lois et al., 1996; Doetsch et al., 1997; Peretto et al., 1997) and thus maintain a proper balance between the levels of GABA and GABA release. It is conceivable that astrocyte-like cells create a microgradient of GABA concentration inside the chains of neuronal precursors. Precursors in contact with astrocyte-like cells may migrate faster than those in the middle of the chains where GABA concentration may be the highest. Cells inside the clusters may migrate at a lower speed and may be searching for directional cues before migrating at higher speed toward the olfactory bulb.
Overall, GABA uptake into astrocyte-like cells plays a fundamental role in clearing GABA released from neuronal precursors and regulating the behavior of neuronal precursors. Changes in the functional state of astrocyte-like cells or interactions with GABA release and uptake could profoundly affect postnatal neurogenesis.
